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Abstract: To analyze the dependence of intensification rates of tropical cyclones (TCs) on the vari-
ation of environmental conditions, an index is proposed here to measure the lifetime maximum
intensification rates (LMIRs) for the Saffir–Simpson scale category 4–5 TCs over the western North
Pacific. To quantitatively describe the intensification rate of major TCs, the LMIR is defined as the
maximum acceleration in the sustained-wind-speed over a 24-h period of an overwater TC. This
new index, LMIR, is generally independent of the indices for RI frequency. The results show that the
Pacific Decadal Oscillation (PDO) modulates the inter-annual relationship between the LMIR and
El Niño/Southern Oscillation (ENSO). The PDO’s modulation on the ENSO’s effect on the LMIR is
explored here by considering the relationship between the LMIR and the environmental conditions in
different PDO phases. While the ENSO’s effect on the LMIR for the warm PDO phase is generally by
affecting the variations of upper ocean heat content, ENSO mainly influences the variations of zonal
wind and vertical wind shear for the cold PDO phase. Our results suggest that fast translating TCs
tend to attain strong intensification during the warm PDO phase, while a warm subsurface condition
may permit slow-translating TCs also to become strongly intensified during the cooling PDO phase.
These findings have an important implication for both prediction of RI and the long-term projection
of TC activities in the western North Pacific.

Keywords: maximum intensification rates; tropical cyclone; western North Pacific; El Niño/Southern
Oscillation; Pacific Decadal Oscillation

1. Introduction

Tropical Cyclones (TCs), especially intense TCs, are ranked among the most destruc-
tive natural hazards globally [1]. The rapid intensification (RI) of a TC is of vital importance
to understand the TC intensity variation as well as the TC intensity prediction [2–4]. RI is
defined as an increase by at least 30 knots (15.4 m/s) over a 24-h period in the maximum
sustained overwater wind speed [5]. Most major TCs (maximum sustained wind speed
equal to or greater than 113 knots, categories 4 and 5 on the Saffir–Simpson hurricane
wind scale), both in the Northern Atlantic and western North Pacific, experience at least
one RI event during their lifetime [5,6]. The TC intensity change is difficult to forecast, as
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illustrated by unanticipated RI events, such as that which occurred during Hurricanes Opal
(1995) and Bret (1999). The frequent underestimation of RI rates makes the TC intensity
forecasting even more challenging, as detailed in a report on Hurricane Wilma [7] and with
the record-breaking Hurricane Patricia [8].

Indicators, such as TC number that experienced RI (TCNR) and RI Number (RIN),
were adopted to examine the RI frequency in previous studies [5,6,9,10]. To reveal the large-
scale characteristics of rapidly intensifying TCs, Kaplan and DeMaria [5] studied the mean
initial conditions that are statistically significant different between the RI and non-RI cases,
and estimated the probability of RI, based on those predictors. A revised rapid intensity
index (RII) which uses 25-, 30-, and 35-kt RI thresholds is used to estimate the probability
of RI with large-scale predictors from the Statistical Hurricane Intensity Prediction Scheme
database [4]. A proper inner-core structure is required for the intensification of TCs, as
is the interaction with large-scale oceanic and atmospheric variables [11–14]. It has been
established that warmer sea surface temperature (SST), lower vertical wind shear, and
higher low- to mid-troposphere moisture are necessary environmental conditions for the
RI of TC [3,4]. The modulations of the RI location and frequency on climatic timescales
are important in forecasting TC intensity and in understanding the variations of major
TC activity. Wang and Zhou [6] show that the number of TCs that experienced RI at least
once (TCNR) is significantly higher in El Niño years than that in La Niña years. Wang
and Liu [10] report that the inter-annual relationship between RIN and El Niño/Southern
Oscillation (ENSO) during the warm Pacific Decadal Oscillation (PDO) phases is strong and
statistically significant, while during the cold PDO phases there is no significant correlation
between ENSO and RIN on the interannual timescale.

The RI rate is as important as the RI frequency in terms of the study of RI of
TCs [4,5,15,16]. However, the research addressing the RI rates and how the RI rates
respond to the dynamical and thermodynamic condition variation is still minimal. Mei and
Xie [17] found that the increased intensity of landfalling typhoons is due to strengthened
intensification rates, which in turn are tied to locally enhanced ocean surface warming
on the rim of East and Southeast Asia. The 6-h intensification rate that Mei and Xie [17]
used is defined as the mean value of the intensification rate and mean translation speed by
simply averaging the values at all locations during its intensification period (that is, from
the TC reaching typhoon intensity for the first time until its lifetime peak intensity).The
TC intensification rate (based on 24-h increase in maximum wind speed) depends on the
storm intensity and size in the North Atlantic [16], and on SST, storm intensity, and size in
the Northwest Pacific [16]. In analogy with the maximum potential intensity (MPI), the
concept of the maximum potential intensification rate (MPIR), introduced by Xu et al. [18],
reflects the upper bound of the intensification rate that a TC can reach given favorable
environmental conditions. An empirical relationship between the MPIR and SST for TCs
over the North Atlantic was constructed by Xu et al. [18] based on best-track TC data
and observed SSTs between 1988 and 2014. How the maximum intensification rate (MIR)
changes with the environment with observation is still not clear.

We proposed a new index to quantify the lifetime maximum intensification rate of
major TCs (LMIR) in this work. LMIR is defined as the maximum increase of the sustained
wind speed over a 24-h period during the lifespan of a TC (Figure 1a). Based on the best
track data sets, the time-series and cumulative histogram of LMIR, and ENSO effects on the
RI were diagnosed in this work. The ENSO–LMIR relationship change on the inter-annual
to decadal timescales, and connections with oceanic surface and upper layer warming,
atmospheric thermodynamic and dynamic conditions is also examined.
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Figure 1. (a) Evolution of three Cat4&5 (the Saffir–Simpson scale) tropical cyclone intensity, with rapid intensification (RI) 
events denoted by horizontal bars and lifetime maximum intensification rates (LMIR) denoted by vertical red bars. (b) 
Histogram and cumulative curve of LMIR for all the Cat4&5 tropical cyclones during typhoon season (May–November) 
of the years 1958 to 2013 in the western North Pacific (WNP). 
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We use the 6-h best track data to analyze the TCs variation. Data is the International 

Best Track Archive for Climate Stewardship (IBTACS) [19] and available online at 
http://www.ncdc.noaa.gov/ibtracs/index.php?name=ibtracs−data (accessed on 13 April 
2021). LMIR is defined as the maximum acceleration of the maximum sustained wind 
speed of a major TC over a 24-h period during its lifespan (Figure 1a). To study the cli-
matic variations of the RI, we calculate the annual mean LMIR by taking an average of all 
the major TCs’ LMIR during the main typhoon season (May–November) of the years 
1958 to 2013. The RIN is obtained following Kaplan and DeMaria’s definition [5], using 
the acceleration of 30 kt/day threshold, evaluated and counted every 6 h. The annual RIN 
is the sum of RIN for all the major TCs from May to November. 

Our study area is the western North Pacific (WNP) TC main development region 
(MDR), defined as 122–170° E, 5–20° N. The Joint Typhoon Warming Center subset of 
IBTACS is used for TC analysis. The change of the following environmental variables in 
the MDR was examined to explain the variation of MIR and its relationship with ENSO: 
sea surface temperature anomaly (SSTA), upper layer ocean heat content (OHC), relative 
humidity (RHUM) in the lowest 500 hPa of troposphere, zonal components of the surface 
wind field (ZW), vertical wind shear (VWS) between 850 and 200 hPa and wind vorticity 
(WVor). 

The May–November-averaged Multivariate ENSO Index (MEI) represents the 
phases of ENSO during the peak TC season. The MEI combines both oceanic and at-
mospheric observed variables to monitor ENSO over the tropical Pacific [20,21]. 

The operational ocean analysis/reanalysis system (ORAS4) [22] monthly mean data 
sets from the European Centre for Medium-Range Weather Forecasts (ECMWF) are used 
to analyze the SSTA and OHC of the upper 100 m layer (hereafter OHC100) in the West-
ern Pacific. The ORAS4 reanalysis data is provided online by ECMWF online via 
https://www.ecmwf.int/en/research/climate-reanalysis/ocean-reanalysis (accessed on 13 

Figure 1. (a) Evolution of three Cat4&5 (the Saffir–Simpson scale) tropical cyclone intensity, with rapid intensification (RI)
events denoted by horizontal bars and lifetime maximum intensification rates (LMIR) denoted by vertical red bars. (b)
Histogram and cumulative curve of LMIR for all the Cat4&5 tropical cyclones during typhoon season (May–November) of
the years 1958 to 2013 in the western North Pacific (WNP).

2. Materials and Methods

We use the 6-h best track data to analyze the TCs variation. Data is the International
Best Track Archive for Climate Stewardship (IBTACS) [19] and available online at http:
//www.ncdc.noaa.gov/ibtracs/index.php?name=ibtracs$-$data (accessed on 13 April
2021). LMIR is defined as the maximum acceleration of the maximum sustained wind
speed of a major TC over a 24-h period during its lifespan (Figure 1a). To study the climatic
variations of the RI, we calculate the annual mean LMIR by taking an average of all the
major TCs’ LMIR during the main typhoon season (May–November) of the years 1958
to 2013. The RIN is obtained following Kaplan and DeMaria’s definition [5], using the
acceleration of 30 kt/day threshold, evaluated and counted every 6 h. The annual RIN is
the sum of RIN for all the major TCs from May to November.

Our study area is the western North Pacific (WNP) TC main development region
(MDR), defined as 122–170◦ E, 5–20◦ N. The Joint Typhoon Warming Center subset of
IBTACS is used for TC analysis. The change of the following environmental variables
in the MDR was examined to explain the variation of MIR and its relationship with
ENSO: sea surface temperature anomaly (SSTA), upper layer ocean heat content (OHC),
relative humidity (RHUM) in the lowest 500 hPa of troposphere, zonal components of the
surface wind field (ZW), vertical wind shear (VWS) between 850 and 200 hPa and wind
vorticity (WVor).

The May–November-averaged Multivariate ENSO Index (MEI) represents the phases
of ENSO during the peak TC season. The MEI combines both oceanic and atmospheric
observed variables to monitor ENSO over the tropical Pacific [20,21].

The operational ocean analysis/reanalysis system (ORAS4) [22] monthly mean data
sets from the European Centre for Medium-Range Weather Forecasts (ECMWF) are used to
analyze the SSTA and OHC of the upper 100 m layer (hereafter OHC100) in the Western
Pacific. The ORAS4 reanalysis data is provided online by ECMWF online via https://
www.ecmwf.int/en/research/climate-reanalysis/ocean-reanalysis (accessed on 13 April
2021). The atmospheric variables RHUM, ZW, VWS and WVor are from the 20th Century
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Reanalysis V2 monthly mean data [23,24], which is provided by the NOAA/OAR/ESRL
PSD, Boulder, CO, USA, from their website at https://psl.noaa.gov/ (accessed on 13
April 2021). The spatial and temporal variation of atmospheric and oceanic conditions are
analyzed by Empirical Orthogonal Function (EOF) to obtain the major modes contributing
to their variation.

3. Results
3.1. Index for Maximum Intensification Rate of Intense TCs

Three time series of the maximum sustained wind speed are shown in Figure 1a to
demonstrate the physical meaning of LMIR (index numbers by the Joint Typhoon Warming
Center, similarly hereinafter). TC1979#24 underwent a quick intensification and reached
the 140 kt peak intensity in less than 3 days. TC1992#17 achieved category 4 within one
week with no RI process. TC1988#23 underwent a mild RI and took about 4 days to reach
peak intensity. Employing the intensity change of 30 kt per 24 h for RI, the RI number for
TC1979#24 and TC1988#23 both were 6. With the RI number, the intensity changes of TCs
apparently were not fully represented. As the red bars shown in Figure 1a, the LMIR value
is 25 kt, 35 kt, and 70 kt, for TC1992#17, TC1988#23, and TC1979#24, respectively. The
intensity change of the TCs is better illustrated by LMIR. Like the TC1979#24, TCs with
a large LMIR value reach peak intensity in a very short time, leaving people in areas of
impacts little time to respond to TC induced damage.

Figure 1b shows the histogram of LMIR for all the major TCs in WNP from 1958 to
2013. The LMIR ranges from 20 to 90 kt. About 5% of the intense TCs in the western North
Pacific have an LMIR of less than 30 kt (per 24 h), indicating no RI process took place
during their lifespan. The percentage for 20 kt or for 85–90 kt is about 1%, and for LMIR
of 50 kt per 24-h it increases to about 18%. For the 60 kt LMIR, the percentage reduces to
about 8%. About one in two of the major TCs have an LMIR of 40 to 55 kt while about a
quarter of TCs have an LMIR larger than 60 kt (Figure 1b).

In the early 1970s, the middle 1980s, and the late 2000s, the annual LMIR has large inter-
annual variability (Figure 2a). The 7-year running mean LMIR also has a large variation,
peaking at 60 kts in the mid-1960s and reaching a minimum of 40 kts in the early 1990s.
The ratio between LMIR and TC peak intensity (wind speed), representing the LMIR’s
contribution to the peak intensity, shows the same interannual trend as the LMIR time
series with a range of 0.27 to 0.47 (Figure 2d). In 1999, there was no TC reaching Cat4&5
intensity in WNP MDR (Figure 2c). The annual mean LMIR index of 1999, which is shown
in Figure 2a as the mean of LMIRs of 1998 and 2000, is not used in the following analyses
of LMIR–ENSO and LMIR-environment factor relationship and related mechanisms. The
TCNR shows large interannual and decadal variation without a clear long-term trend,
consistent with Wang and Zhou [6]. The trend of LMIR is different from those for RIN and
TCNR (Figure 2b,c) on the decadal time scale. Figure 2 shows that both RIN and TCNR are
highly correlated with each other and with the number of Cat45 TCs, whereas LMIR does
not show any correlation with Cat4&5 TC numbers.

The relationships between the annual mean LMIR and RIN, and between the annual
LMIR and TCNR do not significantly correlate (Figure 2e,f). This result shows that the new
LMIR provides an independent dimension for the study of the RI of TCs. It also indicates
that the control factors for the variation of the annual mean LMIR and the RI frequency
might be different. Further analysis of the variation of LMIR on interannual to decadal
time scales and climate modulation on it would improve the understanding of RI behaviors
of major TCs.

https://psl.noaa.gov/
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region (MDR) of western North Pacific (WNP). The gray polylines denote the 7-year running mean 
of the time series. Relationship between (e) TCNR, (f) annual RIN and the annual LMIR index with 
blue regression lines. 
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the ten-year sliding correlation between the annual mean MEI and LMIR, and the results 
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at the 90% confidence level) and the relationship turns into positive correlation in the 
2000s (Figure 3). Previous studies show that the decadal time scale variations in the 
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lead to the variations of intense TC activities on the decadal timescales in WNP [25,26]. 
As the largest contribution to decadal variability of the North Pacific, the PDO is has a 
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Figure 2. The historical time series of the annual mean tropical cyclone indices. (a) lifetime maximum intensification rate
(LMIR, kt per 24-h); (b) number of rapid intensification events (RIN), (c) annual counts of tropical cyclones (TCs) (category 4
and 5 of the Saffir–Simpson scale) and counts of TCs with RI events (TCNR), (d) annual mean of the ratio between LMIR and
TC maximum sustained wind speed with a gap in 1999, due to no Cat4&5 TC that year in the TC main development region
(MDR) of western North Pacific (WNP). The gray polylines denote the 7-year running mean of the time series. Relationship
between (e) TCNR, (f) annual RIN and the annual LMIR index with blue regression lines.

3.2. Effect of ENSO on RI Variation and PDO Modulation

The influences ENSO on the TC activities during different phases in the western
North Pacific have been extensively studied [6,10,25–29], most in context of TC location,
frequencies, intensity, RI frequency, and so on. We analyze the relationship between LMIR
and ENSO to investigate how the climate variability modulates the LMIR variation. The
annual mean LMIR is generally negatively correlated with the May–November-averaged
MEI (r = −0.17), but the correlation is not significant. We calculated the ten-year sliding
correlation between the annual mean MEI and LMIR, and the results show that negative
correlation lasts from the early 1970s to the middle 1990s (significant at the 90% confidence
level) and the relationship turns into positive correlation in the 2000s (Figure 3). Previous
studies show that the decadal time scale variations in the large-scale variables that govern
the formation, intensification, and movement of TCs lead to the variations of intense TC
activities on the decadal timescales in WNP [25,26]. As the largest contribution to decadal
variability of the North Pacific, the PDO is has a strong influence on the decadal large-
scale variation of the atmospheric and oceanic conditions. The modulation of PDO in
the relationship between ENSO and RI could result in large variation in the relationship
between LMIR and MEI.
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correlation significant at the 90% labelled as black crosses and 95% confidence level labelled as red
dot crosses. The gray curve is the Hanning smoothed (15-year) Pacific Decadal Oscillation (PDO)
index (detrended).

To identify the relationship between ENSO and RI of TCs, we analyzed three RI
indices: LMIR, TCNR, and RIN. In the light of a previous study by Wang and Liu [10] on
the PDO modulation of the RI variation, the correlation analyses between RI indices and
ENSO index were conducted for different phases of PDO. The decadal variation of the
detrended PDO index is obtained with a 15-year Hanning smoothed index (Figure 3). PDO
is in the warm phase for 1975–1999, and in the cold phase for 1958–1974 and 2000–2013. In
the following part of this paper, the PDO phase period is defined accordingly. The PDO
modulation of the ENSO–RI relationship on the interannual time scales is evident from all
three TC RI indices (Figure 4).

A significant negative correlation is found between the annual LMIR and the MEI
(< 0.05) in the warm PDO phase. However, the correlation is not significant for the cold
PDO phase (Figure 4a,b). The correlation between RIN and ENSO is similar, except it is
a positive correlation and with a lower significance level (90%) for the warm PDO phase
(Figure 4c,d). This result agrees with the RIN and ENSO relation [10]. For the TCNR,
the difference is relatively small in the ENSO–TCNR relationship for the different PDO
conditions compared to the differences for LMIR and RIN. Among all the three indices,
LMIR has the largest difference in correlation coefficient and significance level for the warm
PDO and for the cold PDO. This indicates that LMIR provides an additional dimension to
study the PDO modulation on the ENSO and RI of the TC relationship. The inter-annual
variability of LMIR is impacted by ENSO more closely during the warm PDO phase than
in the cold PDO phase.

With a 7-year smoothed time series, we further identified the ENSO–RI relationship on
the longer (decadal) time scales. The LMIR and the MEI are not significantly correlated on
the decadal time scale (r = 0.02, p = 0.89, Figure 4g,h). The ENSO–RI is negatively (positive)
correlated during the warm (cold) PDO phase, suggesting PDO modulation. A bootstrap
method was adopted in the correlation analysis. The histogram of resampled correlation
coefficient (Figure 5) shows that the variation in the correlation coefficients and their peak
values are consistent with that in Figure 4g,h, 0.43 for the cold PDO phase and −0.59 for
the warm PDO phase. The bootstrap method further confirmed the difference between the
correlations between ENSO and LMIR for different PDO phases. Our results suggest that
the variation of LMIR is closely related to ENSO, and their correlation reverses sign with
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a change in PDO status. The controlling physical mechanisms of LMIR variation might
change for different PDO phases.
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7-year moving smoothed MEI (May–November averaged) and LMIR for positive (right) and negative
(left) PDO phases. with blue regression lines, correlation coefficient (r) and the p-value labelled.

Atmosphere 2021, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 4. Relationship between the May–November averaged El Niño/Southern Oscillation (EN-
SO) index (MEI) and (a,b) lifetime maximum intensification rate (LMIR), (c,d) TCNR, (e,f) RIN, and 
(g,h) 7-year moving smoothed MEI (May–November averaged) and LMIR for positive (right) and 
negative (left) PDO phases. with blue regression lines, correlation coefficient (r) and the p-value 
labelled. 

 
Figure 5. The variation of the correlation coefficient between the 7-year smoothed annual mean 
LMIR and MEI during the (a) cold-PDO and (b) warm-PDO phases across all the bootstrap sam-
ples, with correlation coefficient standard error (se) labeled. Data points for each PDO phase are 

Figure 5. The variation of the correlation coefficient between the 7-year smoothed annual mean LMIR
and MEI during the (a) cold-PDO and (b) warm-PDO phases across all the bootstrap samples, with
correlation coefficient standard error (se) labeled. Data points for each PDO phase are resampled to
create 1000 different data sets, and the correlation between the two variables is computed for each
data set.
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3.3. Environmental Factors Contributing to LMIR Variation

The PDO’s warm (cold) phase can strengthen (weaken) an El Niño event [10]. In
conjunction, the sea surface temperature and trade wind system will respond to such
variations and induce variations in environmental parameters, such as the upper OHC,
relative humidity, vertical wind shear, and westward wind speed. These factors have been
noted for their impact on the RI of TC during different PDO phases in the context of the RI
frequency [5,6,10]. These corresponding oceanic and atmospheric conditions are further
explored using EOF analysis, and correlation analysis is carried out to investigate the
physical mechanisms responsible for the PDO modulation on the ENSO–LMIR relationship.

The time series of the leading principal component (PC1) and EOF (EOF1) of SSTA,
RHUM, VWS, UW and OHC100 variation, were obtained via EOF analysis (Figure 6).
The EOF1s of the SSTA, OHC100, UW, VWS and RHUM account for 42.4%, 41.5%, 23.8%,
19.0% and 16.9% of the total variances during peak TC season, respectively. PC1s of SSTA,
OHC100, UW, VWS, and RHUM variation are significantly correlated with ENSO with the
correlation coefficients of −0.97, −0.92, −0.81, 0.91, and 0.77, respectively, and all of them
are statistically significant at the 99% confidence level. The OHC100, VWS and RHUM
EOF1s, and their PC1s time series are consistent with the previous study [10]. The leading
EOF of SSTA reveals a tongue-like pattern from the eastern to central tropical Pacific. A
monopole located in the western tropical Pacific is shown in the zonal wind (UW) EOF1
(Figure 7).
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Figure 6. The leading Empirical Orthogonal Function (EOF) pattern of the May–November mean
environment variables of 1958–2013 in the Tropical Pacific. (a) upper 100 m layer ocean heat content
(OHC100), (b) relative humidity (RHUM), (c) vertical wind shear (VWS), (d) leading principal com-
ponents (PCs). The dash boxes in (a–c) denote the tropical cyclone MDR in the western North Pacific.
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Figure 7. The leading EOF pattern of the May–November mean environment variables of 1958–2013
in the Tropical Pacific, (a) zonal wind (UW) and (b) sea surface temperature anomaly (SSTA) and (c,d)
leading PCs, with dash boxes in (a,b) denoting the tropical cyclone MDR in the western North Pacific.

Correlation analyses were performed between LMIR and PC1 time series of the VWS,
UW, RHUM, OHC100, and SSTA, in the MDR of the WNP on the annual and decadal
timescales in order to explorer the impacts of the atmospheric and oceanic large-scale
conditions that relate LMIR with ENSO during different PDO phases (Figure 8). For the
interannual variation, the leading EOF of OHC100 positively correlated with LMIR in both
PDO phases, but was not statistically significant. This indicates that the contribution of
OHC100 to the change of the inter-annual ENSO–LMIR relation is associated with a change
in the PDO status. For the leading SSTA EOF, its correlation with LMIR is significantly
positive for the warm phase of the PDO (r = 0.35, p < 0.1). By comparison, during the cold
PDO phase the result reveals no statistically significant relationship between LMIR and
MEI (r = 0.17). Similarly, the correlations between the annual mean LMIR and leading
EOFs of VWS, RHUM, UW are significant in the warm PDO phase with a correlation
coefficient of 0.37, 0.38, 0.40 respectively, at the above 90% confidence level. The coefficient
is much higher than the correlation in the cold PDO phase. Therefore, the atmospheric
thermodynamic (SSTA, RHUM) and the dynamic conditions (UW, VWS) contributed to
the ENSO–LMIR relationship change on the inter-annual time scales during different PDO
phases, and the zonal wind (UW) is the major contributor.
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Figure 8. Correlation between annual mean LMIR and the leading PC of the May–November
averaged environmental condition variations for the year of 1958–2013, for the positive (+ denoted)
and negative (− denoted) phases of PDO, with only the coefficient for the correlations significant
above the 90% confidence level are plotted.

For the decadal variation, the leading EOF of the SSTA statistically significantly
correlate with the annual mean LMIR in the warm PDO above the 95% confidence level
(r = 0.44), and the correlation in the cold PDO phase is weak. The leading EOF of OHC100
is significantly correlated with LMIR (r = 0.65, p < 0.01) in the warm PDO, but in the cold
phase of the PDO the correlation is not significant between LMIR and EOF1 of OHC100. The
correlation between the leading PC of the VWS variation and LMIR reveals a significantly
negative (positive) relationship for the warm (cold) PDO phase. Among all the environment
variables, the OHC100 variation is predominate in the decadal LMIR variation in the warm
PDO period, while in the cold PDO phase VWS dominates. Our results indicate that a shift
of dominant driving force and the shift of VWS and ENSO relationship for different PDO
phases contributed to the change in the decadal ENSO–LMIR relationship.

4. Discussion

The intensity and frequency trade-off of global TCs in recent decades was reported
by Kang and Elsner [30]. Under global warming conditions, future projections based on
theory and high-resolution dynamical models [31] reported a reduction in TC frequency
but an increase in TC intensity. These studies suggest that it is importance to use indicators
of intensity and frequency together to study TC activity and RI processes of TCs [3]. For
the RI study, RIN and TCNR have been used as indicators of frequency. Our results suggest
that the RIN reflects the RI intensity change but is not a complete representation (Figure 1a).
LMIR, an indicator for the level of RI, provides an additional understanding of the RI
variation of TCs.

In the present study, we calculate LMIR only for those TCs that have reached a lifetime
maximum intensity threshold of 113 kts (the Saffir–Simpson scale category 4–5). To examine
the sensitivity of annual mean LMIR to a 5 or 10 kt change to the arbitrary threshold, we also
tried 103, 108, and 118 kts as the lifetime maximum intensity threshold to calculate annual
mean LMIR, and list all the statistic in Table 1. With a 5 kt lower threshold of the lifetime
maximum intensity, the TC numbers involved in the annual mean LMIR calculation would
increase about 30 TCs (about 10%), while the annual mean LMIR value would change
about 0.5–1.0 (about 1–2%). This indicates that the annual mean LMIR is insensitive to a 5
or 10 kt change to the arbitrary threshold.
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Table 1. Statistic of annual mean lifetime maximum intensification rates (LMIRs) using a different
threshold of maximum intensity.

Maximum Intensity
Threshold (kts)

TC Count
Annual Mean LMIR (kts/24 h)

Mean Min Max

103 360 48.2 32.5 65
108 333 49.1 32.5 67.5
113 303 49.6 32.5 67.5
118 271 50.7 33.8 67.5

LMIR is generally independent of the indices for RI frequency of TC (Figure 2e,f).
During the warm PDO phase, LMIR is not statistically significantly correlated with TCNR
or RIN (Figure 9b,d), indicating a difference in driving forcing for the frequency and the
intensity rate of RI. The interannual ENSO–RIN relationship is strengthened in the warm
PDO phase, and the change of vertical wind shear is believed to play an important role [10].
During the cool PDO phase, the LMIR correlated to TCNR (Figure 9a) and RIN (Figure 9c)
significantly, indicating more similar control factors for intensity rate and frequency of RI
during the cold PDO phase.
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The variation of the zonal wind is dominant in the inter-annual ENSO–LMIR rela-
tionship change for different PDO phases. This might be related to the close relationship
between zonal wind and translational speed of TCs. Significant correlation between the
TC translational speed and the zonal wind speed in the warm PDO phase is shown in
Figure 10. Lin et al. [32] reported that a fast-moving speed contributed more than the
warming of the upper ocean to the RI of TC, in their case study on the intensification of
super-typhoon Haiyan. A large amount of latent heat energy is required for TCs to be
extracted efficiently from the upper layer ocean during RI processes [10]. However, colder
subsurface water is pumped to the sea surface by the wind stress during TC intensification,
inducing a surface cooling effect [14,33]. Faster-moving storms tend to generate weaker
sea surface cooling and have shorter exposure to cooling, both of which tend to weaken the
negative SST feedback [34]. The subsurface OHC depresses the cooling effect during the RI
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process [14,33,35–38]. The upper ocean heat content might be a key factor in determining
the location, frequency of RI, and the annual TCNR [10,39–41]. The easterly trade wind is
strengthened(weakened) during the cold(warm) PDO phase at low levels, which tends to
make equatorial warm water spread northward into (southward out of) MDR in WNP [41].
During the warming PDO phase, the upper layer OHC in the MDR is relatively low. The
strong relationship between zonal wind and LMIR suggests that only fast translating TCs
will get high LMIR (experience RI) during warm PDO. During the cooling PDO phase, the
upper layer OHC is relatively high in the MDR. The warm subsurface condition may per-
mit slow-translating TCs to become high (experience RI), resulting in a week relationship
between LMIR and zonal wind speed during the cooling PDO phase.
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Our analysis shows that the LMIR is significantly correlated with the upper ocean heat
content on the decadal time scales but not on the interannual time scales. LMIR variation
is dominated by OHC100 during the warm PDO phase, suggesting that the LMIR reflects
the ocean thermal control of the ENSO impact on the RI of TCs. which is of significance in
the prediction of TC intensity change and projections of intense TC activity in MDR of the
western North Pacific [25–27,42,43].

5. Conclusions

LMIR was proposed in this study to quantify the intensification rate of intense TCs
over WNP. Generally, an independent relation is found between LMIR and the indices
for the RI frequency of TCs, especially in the warm PDO period. LMIR variations in the
western North Pacific on the inter-annual to decadal time scales were investigated with the
best track TC data sets from JTWC.

The PDO-modulation of the ENSO impact on RI is examined on the inter-annual and
decadal time scales using the new LMIR index. The PDO modulation on the inter-annual
ENSO and rapid intensification relation is better interpreted with LMIR, compared to
RIN and TCNR. On the interannual time scales, the LMIR and ENSO relationship is close
and significant for the warm PDO phase while it is not significant during the cold PDO
phase. On the decadal time scale, the LMIR–ENSO relationship is statistically significantly
negative (positive) during the warm (cold) PDO phase.

To understand the mechanisms behind this, we investigated both the dynamic and
thermodynamic conditions through which PDO modulates the impacts that ENSO exerts on
LMIR, based on EOF analysis and correlation analysis. Results reveal that PDO modulates
the ENSO–LMIR relationship in the warm and cold PDO phases on the inter-annual
timescales, through dynamic conditions as vertical wind shear and zonal wind speed, and
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thermodynamic conditions like SSTA, and relative humidity. The upper layer OHC (VWS)
dominates the ENSO and LMIR relationship during the warm (cold) PDO phases on the
decadal timescales. The shifting in dominant environmental conditions modulates the
LMIR–ENSO inter-annual relationship during different PDO phases. The dominant role
of UW in the LMIR–ENSO relationship change is due to its high correlation with the TC
translation speed. During warming of the PDO phase, the low OHC subsurface condition
requires TCs to translate fast to get high LMIR (experience RI). In cooling the PDO phase,
the warm subsurface condition permits slow-translating TCs to also achieve high LMIR
(experience RI). Our study has important implications for the seasonal prediction and
long-term projections of intense TC activity in the MDR of the western North Pacific.
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